Direct shear tests conducted on the samples containing a central hole and prefabricated cracks are performed to make an analysis on the effects of the inclination angle, the number of prefabricated cracks and the normal stress on shearing characteristics. And the particle flow code in two dimensions (PFC 2D ) based on discrete element is applied to carry on simulations on this tests. The micro mechanical parameters of the simulation models are determined by the calibration processes conducted on the shear stress-stain numerical curves of intact samples and the samples containing a pre-existing hole in both experimental tests and simulation tests. And then the micro mechanical parameters obtained above are applied in the simulation models containing prefabricated cracks with varying inclination angles and numbers. Based on the comparisons conducted on simulation curves and experimental curves, investigations of the initiation, propagation and coalescence mechanisms of the prefabricated cracks in both macro and micro scales are performed. And the results may shed lights on the failure mechanism of the surrounding rock involving holes and cracks.
Introduction
The failure and the instability of the engineering rock masses are usually caused by the shear failure surfaces resulted from the initiation, propagation and coalescence of the intermittent joints under loading. The direct shear tests in which the loaded conditions of the intermittent joints are perfectly simulated are effective test methods to the investigation of the propagation and coalescence of intermittent joints. Meanwhile, most of the theoretical and experimental work is focused on the uniaxial and biaxial tests [1] [2] [3] [4] . Bai et al. Argue that the magnitude of normal stress, the connectivity rate of joints and arrangements also made an impact on the propagation and coalescence of coplanar intermittent joints [5] . On a basis of the relative tests, Liu et al. put forward the weakening mechanism of mechanical properties on the rock bridge of coplanar intermittent joints and the coalescence models of rock bridges under the condition of direct shear [6] .
The deterioration of rock mechanics properties is resulted from the activation of intermittent structure planes in large amount, the propagation of original cracks and the initiation of secondary cracks. Nowadays, few investigations have been conducted on the failure process and deformation characteristics of the rocks with holes and cracks. The experimental tests and numerical studies based on particle flow code carried out by Fakhimi et al. focus on the mechanical response of the rocks with holes and cracks under biaxial loading [7] . Based on PFC 3D , Zhang et al. performed uniaxial, biaxial and triaxial simulations to investigate the failure process of these rock samples [8] .
Based on the previous conclusions, direct shear tests on the rock-like samples with a hole which vary in inclination angle and number of cracks and normal stress have been performed. PFC 2D has also been applied to investigate the mechanism of crack coalescence and hole damage. 
Direct shear tests on rock-like models

Sample preparation
In order to simulate the brittle fracture under the direct shear, the mixed model materials of white portland cement, fine sand and water with a volume ratio of 2:2:1 were used in this test. The fine sand was sieved through 1.25 mm standard screen hole. And the samples were cast in the steel molds. After 2 hours' standing, the samples were inserted with the steel layers at the specific locations. The steel layers of 0.5mm in thickness were polished with engine oil in advance. After 12 hours, pull out the steel layers and demould the samples. And then, examine the flatness of these samples' surfaces and penetrability of cracks. Finally, maintain the eligible samples in the concrete curing box for 28 days according to the standard curing methods.
As shown in Fig.1 that the size of the samples is 150mm×150mm×50mm, the hole with 40mm in diameter is located at the center of the sample, and 6 prefabricated cracks spacing 25mm are involved. The inclination angles of the cracks are 0°, 15°, 30°, 45°, 60°, 75° and 90° respectively.
Testing equipment
The laboratory tests were conducted on the servo shear rheometer of Zhaoyang RYL-600 which equips the DOLI system. In the test process, the normal stress is applied with a rate measured as 30N/s, when the specific normal stress is reached, the stress will be fixed. And then, the shear load which is displacement controlled with 0.01mm/s in rate is applied until the failure of samples.
The numerical calculation model
According to the size in laboratory tests, a numerical model of 150mm×150mm is established, as shown in Fig.2 . The sample contains 51825 particles in normal distribution which are 0.5～0.83mm in diameter. And the porosity of the sample is 0.14.
Referring to the direct shear model of PFC 2D in the reference [11], the shear box is simulated by the defined wall of the program in the two-dimensional calculation model. The upper shear box, as the active one, is made up of the wall 1# and 3#, moving towards the right in the shear loading process, while the lower shear box of the wall 2# and 4# keeps still. The normal stress, servo controlled by controlling the displacement of the wall 1# and wall 2#, is set as the specific value.
The shearing force and displacement are the horizontal force and displacement of wall 3# recorded in every 50 time steps. The vertical displacement of wall 1# is regarded as normal
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Advances in Fracture and Damage Mechanics XIII displacement. The numerical samples after assembling particles and the boundary condition are shown in Fig.2 . When it is identical in shear stress-stain numerical curve and test curve after ascertaining the size of numerical samples and loading boundary on a basis of the sample's size and loading conditions, the targets of adjustable parameters are also confirmed. After the repeated debugging, the micro mechanical parameters of granular are chosen.
The comparative analyses between numerical simulation and model test
Simulation of the intact samples and the samples with a hole
According to the micro mechanical parameters of particles, as shown in Fig.3 that the simulated fracture surfaces are similar to those of the experimental tests on physical models subjected to a normal stress fixed at 3MPa. It can be concluded that the formation of the fracture surfaces which are slightly arc shaped and the development of the wing cracks are nearly identical to each other.
It can be known that the results of simulation and test are nearly identical on a basis of the comparison of two curves from Fig.4. Fig.5 presents the failure pattern of the samples with a hole reconstructed by the micro mechanical parameters from the intact samples under the normal stress of 3 MPa.
It can be obtained from above analyses that the micro mechanical parameters above are suitable to conduct numerical investigations on the mechanical response of the intact samples and samples with a hole in direct shear tests. Therefore, the samples differing in inclination angle and number of cracks can be reconstructed by the same parameters.
The simulation of samples with a hole and cracks
As shown in Fig.6 (a) ~ (c), taking the samples containing 6 cracks with 45° angle for example, it presents the crack initiation, propagation and the failure of the samples when the normal stress is 3MPa. The micro crack-and shear stress-shear strain curves in the test are shown in Fig.7 . When the shear strain is 0.012, micro cracks initiate from the tips of the prefabricated cracks. Then the number of these micro cracks would increase steadily until the strain reaches up to 0.016. The micro cracks will increase dramatically after the peak point, leading to crack coalescence. The shear process steps into the residual shear stage.
(a) s=3mm (b) s=4mm (c) s=5mm Fig.6 The process of crack initiation, propagation and coalescence Fig.8 shows the relation between the crack angles and peak shear strength of the numerical modeling on the samples with a hole and prefabricated cracks under different normal stresses. And the results of numerical calculation present that the peak shear strength is the weakest one when the crack angle is 15°. With the angle increasing, the peak shear strength would be enhanced, but the tendency begins to slow down as the angle further increases. Key Engineering Materials Vol. 627
Failure mechanism of samples
It can be concluded that the new cracks in the specific samples will initiate from the tips of the prefabricated cracks. And the formed wing cracks will tend to extend in principal stress direction. As the length of the wing cracks reaches up to a certain value, the secondary cracks may appear in the direction of prefabricated cracks. As a result, the unstable failure will be induced. Above conclusions are in accordance with the analytical results obtained from classic fracture mechanics and the test results.
As shown in Fig.8 , the wing cracks develop towards the hole in the approximate direction perpendicular to the prefabricated cracks. That means the propagation of wing cracks approaches to the direction of maximum principal stress gradually, but is confined within this direction. The rock-like samples will split when cracks reach to the surface of the hole. Some rock fragments will drop from the upper part of the hole, and the rock block under the hole will move along the prefabricated crack. And the failure of the entire sample will be induced by the propagation of wing cracks initiating from the left tip of prefabricated crack 2# and the right of 5#.
Conclusions
(1) Based on the simulated direct shear test in PFC 2D , the numerical models with proper micro mechanical parameters can be applied to conduct numerical investigations on the mechanical responses of the intact samples and samples with a hole and cracks.
(2) The failure process of the samples can be depicted perfectly in the numerical simulation. The wing cracks initiate at the tips of prefabricated cracks, and then extend towards the maximum principal stress direction, which is in accordance with the experimental tests. However, due to the heterogeneity and anisotropy of materials, further investigations should be conducted.
(3) Referring to the results of model test and numerical simulation, the shear process of the samples can be divided into five stages: elastic stage, initiation stage, peak stage, post-peak stage and residual strength stage.
(4) The numerical calculation shows that under the same normal stress, the peak shear strength of samples achieves the minimum value when the inclination angle of prefabricated cracks is 15°. And this result is worthy of further theoretical investigations. References 
